Introduction
When a liquid is subjected to an extensional flow or a stretching process, the viscous tensile stresses experienced by the liquid will be propomonal to its extensional viscosity. The extensional viscosity is defined as the ratio of the fxst normal stress difference to the extension rate3.
In this expression, Oii are the normal components of the total stress tensor (pressure plus viscous stress) and & is the rate of extension. The extensional viscosity, q~+ , can be a function of time for viscoelastic liquids that have timedependent material propemes. The Trouton ratio is defmd as the ratio of the extensional viscosity to the shear viscosity. For Newtonian liquids, the Trouton ratio is exactly three. In previous studies, the Trouton ratio has been reported to be as high as 30,000 for some viscoelastic polymer solution@. Thus, viscoelastic liquids can have enormous xesistance to extensional flows and stretching.
Past work by Goldin, et al ., has investigated the effect of viscoelasticity on the breakup of low velocity laminar capillary jetss. It was found that the mode of breakup for viscoelastic liquid jets is significantly different than that of Newtonian jets. Breakup of viscoelastic jets is characterized by the formation of drops interconnected by liquid threads. As a drop's distance from the nozzle exit increases, the threads begin to thin until breakup is fmally achieved. This is in contrast to the Newtonian jet in which disturbances result in the formation of drops that quickly break away from the intact length. Experiments conducted by Mansour on the air-assist atomization of viscoelastic polymer solutions of polyacrylamide have shown the same breakup phenomena documented in the work by 
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EXperimentalMetM
A new technique is used to determine the tensile stress in a liquid column undergoing simple uniaxial extension. Tests were conducted on aqueous solutions of polyacrylamide e10. The experimental set-up consists of a vertical capillary tube which is connected to a source of a viscoelastic liquid. As liquid is supplied to the capillary tube at a very low flow rate, a liquid drop forms at the tube exit When the drop can no longer be suspended from the tube exit, it falls under its own weight. Because of viscoelastic forces, the drop does not break away from the liquid that is inside the capillary tube as would be expected with a low viscosity Newtonian liquid. Instead, a liquid column is formed that connects the drop with the liquid inside the capillary tube. Once the liquid column has developed, it is stretched by the drop's motion. A time sequence of these events can be seen in Fig.1 for a 0.10% solution of e10. The diameter of the liquid column is uniform along its length and grows smaller as the length of the column increases. Because of viscoelastic and surface tension in the liquid column, the drop acceleration is smaller than that of a free drop. This effect is seen in Fig. 2 in which the trajectory of a water drop is compared to that of a drop formed from the 0.10% e10 solution. When the viscoelastic and surface tensile forces in the column become small in comparison to the weight force, the drop acceleration -approaches the gravitational acceleration.
To detexmine the magnitude of the tensile stress in the liquid column during stretching, the momentum equation is applied to the descending drop accounting for weight, drag, surface tensile, and viscoelastic tensile forces. The resulting equation for the viscoelastic tensile stress is given by the following:
where m is the drop mass, wrap is the drop acceleration, and g is the gravitational acceleration. Drag was calculated using the following expression for the drag coefficient where Re = V&opD&op/vair.
The s m h rate of the liquid column can be expressed as the ratio of the velocity of the drop to the length of the liquid column. Using continuity, the stretch rate can alternatively be expressed in terms of the column diametcr and its time derivative.
Calculation of the tensile smss requires knowledge of the drop mass and the volume of the liquid column. This infamation was obtained by analyzing enlarged video images of the drop and column within a distance of 0.5 cm of the capillary tube exit. Measurements of the column diameter were performed using a laser-refhetion method. As laser light is cast into the liquid column, it is refracted by the column's cylindrical lens shape. The current in a receiving photodiode circuit varies in proportion to the amount of light reaching the active surface of the photodiode. Hence, measurement of a load voltage in the photodiode circuit is related to the liquid column diameter. The column diameter was calibrated with the load voltage by using a series of glass columns ranging in size from 120 -450 pm. The signal from the load voltage was then analyzed to determined the stretch rate, drop acceleration, and velocity as a function of time assuming the column volume remains constant. Tests wefe conducted on 0.10%, 0.20%, and 0.30% aqueous solutions of polyacrylamide e10 at 22 'C. Calculations of the tensile stress and extension rate were terminated once the drop acceleration neared 9.6 m/s2. As the drop acceleration nears the gravitational acceleration, the forces developed by the column have very little effect on the drops motion and the column is observed to break free from the drop shortly after this point in time.
Results
Graphs of the viscoelastic tensile stress and extension rate vs time are shown in Fig. 3,4 , and 5 for 0.10%,0.20%, and 0.30% solutions, respectively. In all three cases, the extension rate increases almost linearly as the column is stretched by the accelerating drop. The extension rates tend to decreases as polymer concentration is increased. As polymer comntration increases, the viscoelastic tensile smss grows to larger values. However, a point is reached at which the viscoelastic tensile smss reaches a maximum and then -decreases rapidly. The stretch duration also inmases with increasing concentration because the higher viscoelastic force affects a drop's motion over a longer time period until the visooelastic force has little effect on the drop's acceleration. The following table summarizes maximum tensile stress and critical column diameters for the three solutions. In the third column of the table, the column diameter is reported at the point in time when the tensile stress reaches a maximum. The fourth column of the table reports the column diameter at the point in time when the acceleration of the drop is close to 9.81 m/s2. As would be expected, a smaller column diameter can influence the drops motion if the polymer concentration is increased because of the greater viscoelastic force.
The forces determining the drop's acceleration viscoelastic tensile forces. The relative magnitudes of these forces can be shown by decomposing the drop's acceleration to show the separate contributions. Fig. 6 shows the decomposition of the drop acceleration for the 0.1W e10 solution. The graph shows that the drag force is very small which is expected over the relatively short time period stretching occurs. Throughout most of the stretching period the viscoelastic force is approximately twice the magnitude of the surface tension forces. As the surface tension force and viscoelastic force approach the same magnitude, the tensile stress begins to decreases rapidly as Seen in Fig. 3 . Although the viscoelastic tensile stress is seen to deaease, caution should be used in drawing conclusions after the diameter of the column nears 120 microns which is the limit of the diameter/voltage calibration. As the column diameter becomes much smaller than 120 microns, the assumptions upon which the calculations are based are not accurate because the column lengths become unrealistically long. As the diameter decreases beyond approximately 40-80 microns, the column may break away from the drop and hence the motion of the drop is unknown and the tensile stress in the column cannot be determined.
the weight, drag, surface and
The extensional viscosities for the 0.10%. 0.20%, and 0.30% solutions are shown in Fig.  7 plotted as a function of extension rate. The graph shows that as the extension rate increases during stretching, so does the extensional viscosity. It is also seen that, as polymer concentration is increase& the extensional viscosity increases with a larger slope.
However, it should be stressed that, for a given extension rate, the steady state value of the extensional viscosity is not necessarily reached because the tensile stress in a viscoelastic liquid undergoes a transient period once the deformation rate is changed. Nevertheless, the data quantitatively show a tendency for extension thickening.
Discussion
The method presented in this study pmvides a quantitative description of the effect of polymer concentration on the tensile strength of liquid columns. Work continues on performing experiments with different size capillary tubes which allow for the development of larger drops and liquid columns. Parametric studies will allow more general conclusions to be drawn about the strength of viscoelastic liquid columns undergoing breakup. Fitting of experimental data with calculations based on viscoelastic constituitive models will allow the extensional viscosity to be described more simply in terms of a relaxation time that is characteristic of a polymer solution. Once the strength of a viscoelastic liquid column can be suitably described in terms of a single parameter, strong correlations may be possible between atomization quality and extensional viscosity.
